In biomechanical modeling and motion analysis, the use of personalized data such as bone geometry would provide more accurate and reliable results. However, there is still a limited number of tools used to measure the evolution of articular interactions. This paper proposes a coherence index to describe the articular status of contact surfaces during motion. The index relies on a robust estimation of the evolution of surfacic interactions between the joint surfaces. The index is first compared to distance maps on simulated motions. It is then used to compare two motion capture protocols (two different localizations of the markers for scapula tracking). The results show that the index detects progressive modifications in the joint and allows to distinguish the two protocols, in accordance with the literature. In the future, the index could, among other things, be used to compare / improve biomechanical models and motion analysis protocols.
Introduction
Joints play a major role in human skeleton architecture as they allow bone mobility and functionality. An accurate description of the motion of joint components is one of the key features for accurate diagnosis of articular pathologies or the design of biomechanical models for medical ends (Hill et al. 2008) . Joints are complex structures, whose stabilization includes both active and passive elements. Subject-specific anatomy is rarely taken into account in biomechanical modeling and motion analysis.
Musculo-skeletal models of the whole body have reached a level of sophistication that has made them a common tool for biomechanical research (Damsgaard et al. 2006 , Delp et al. 2007 ). However, one essential aspect that is still missing before these models can be used in a clinical setting is the ability to analyze specific patients. Usually, a "standard" model (Klein Horsman et al., 2007 ) is scaled to be adapted to the studied subject. The most common scaled parameters are weight and segment lengths (Rasmussen et al., 2005) . This approach leads to a model, which is still relatively general, and which only takes into account limited physiological and anatomical specificities of the subject. Lee (Lee et al., 2010) has however shown that an anatomically based knee joint offers a more accurate description of the kinematic and dynamic than a purely geometrical joint. Therefore anatomical information has the potential to be used to create better subject-specific models.
Medical imaging systems like MRI (Graichen et al., 2000) or bone pin clusters (Karduna, 2001 ) allow accurate 3D estimation of bone positions.
However, these methods are either static or invasive.
Consequently, opto-electronic markers and magnetic sensors are the most commonly used motion capture systems. Their main advantage is the possibility of acquiring movements under wide range of dynamic conditions. Unfortunately, the measurements are not directly linked to bone movement but to skin deformation and thus lead to a lack of accuracy in the estimation of bone position. Several methods were proposed in the literature to correct soft tissue artifacts. Some of them use anatomical knowledge, such as global optimization (Lu et al., 1999) , which fixed the number of degrees of freedom according to an anatomical description of the joint. However, using simple mechanical joints has been shown not to improve motion estimation (Andersen, 2009 ).
Introducing anatomical data for better joint description would therefore result in improvements in biomechanical modeling. Unfortunately few tools are available to make use of this information. Joint functionality analysis is based on the study of bone relationships. The local geometry of the joint can be estimated by measuring Euclidean distances between anatomical landmarks and/or by determining the location of contact points between bones (Freeman et al. 2005; Wolf et al. 2008) . The main limitation of these approaches lies in the geometric complexity of the bone surfaces, which is not taken into account when focusing on a limited number of points. The congruence of a joint can be defined as the morphological adequacy of one articular surface to another (Hamilton 1996; Kralovic 2000) . Such analysis leads to a surfacic approach.
McLaughlin (McLaughlin et al. 2005 ) and Kralovic (Kralovic 2000) used a root mean square congruence index (Ateshian et al. 1992 ) based on the comparison of the main curvatures on each facing articular surface. Some authors completed this analysis by proposing distance maps, which give the nearest region on the opposite bone (Anderst et al. 2003; Windisch et al. 2007 ). The distance maps are a simple but powerful tool to detect abnormal situations.
However, the relevance of these measures is directly linked to the accuracy of the surface description (acquisition resolution, visible structures such as bone, cartilage, menisci) issued from the segmentation process and their positioning in space.
Thus, the performance of the acquisition system and of the post-processing procedures (segmentation, meshing) strongly influences on the based distance maps methods. Unfortunately, not all systems are able to provide sufficient accuracy. Thus, even in the healthy joint, incoherent states (such as dislocation) may occur because the acquisition system is unable to give the true functionality. The goal of this paper is to propose an index, which measures the articular state in joints. Such an index aims to provide a new tool for personalized biomechanics using joint anatomy. After the mathematical description of the index, simulated motions demonstrate how the index works and its differences of behavior compared to distance maps.
An example of how to use the index in a real-case scenario is also presented (comparison of several protocols of shoulder 3D motion analysis). It also includes the registration procedure of the bones, which was acquired separately.
Materials and methods

Mathematical description of the joint coherence index
The computation of the joint coherence index relies on two main steps. First, the relative position of the articular surfaces is evaluated (matching process).
This position is then compared to a reference position (evaluation process).
Matching process
The bone surface can be represented in different ways including symbolic representations and meshes. In this paper, we assume that surfaces are described using triangular meshes. To evaluate the relative position of the surfaces, facing vertices of the two articular surfaces are matched. Soslowsky (Soslowsky et al. 1992) proposed to find the nearest point of each vertex in the outward-pointing normal direction to the surface within a specified range. In our situation, 
Evaluation process
The state of the joint depends on the relative position of the two articular surfaces. From the matching process described in the previous section, we define, (1)) and the Average Distance term AD(t) (Eq. (2)). In order to study the behavior of the distance maps and the proposed index several simulations where carried out. The first simulated motion aims to simulate a situation, which may occur in a bioinspired mechanical model whereas the two others focus on errors, which may occur during a motion estimated thanks to a marker-based system. Such a system can induce relatively important errors.
Therefore we chose to apply an extra-simulated displacement in two directions. The following three simulated movements of the glenohumeral joint were carried out:
• Model-based elevation of the arm: one common gleno-humeral joint model is the ball and socket joint (Yan et al., 2010) . The center of rotation is estimated as the anatomical center of the humeral head (Veeger 2000) . The simulated motion is a rotation of the humerus around the major symmetry axis of the fitted ellipsoid (abductionlike axis). A rotation of 60 degrees was applied.
• Decreasing the distance between the joint surfaces: the same 60° rotation around the approximated abduction axis was applied plus a translation of 20 mm in the opposite direction of the mean normal vector of the glenoid surface.
• Increasing the distance between the joint surfaces: the same 60° rotation around the approximated abduction axis was applied plus a translation of 20 mm in the direction of the mean normal vector of the glenoid surface.
As emphasized in the "Mathematical description of the joint coherence index" section, the choice of the reject points of the index should be adapted to the study. Here the objective is to evaluate the evolution of the joint state in several motions. If the index is too sensitive, it will produce false positives for all motions. On the other hand, if the index is too specific, it will produce false negatives. In both cases, the index will not be able to correctly evaluate the state of the joint during the motions. For this study, r D = 15 mm and r N = N(0) was found to be a good compromise. Anatomically speaking, 15 mm is approximately 1/3 of the mean diameter of the humeral head (Boileau et al. 1997) and choosing r N = N(0) implies that when no facing vertice is found, the index is equal to zero. The friction zone was equal to 5 mm. This value is small to emphasize the influence of collision on the result of the index. The scapula and humerus motion were measured using an opto-electronic tracking device (VICON, Oxford Metrics Limited, Oxford). 120 markers were placed over the scapula in order to cover the bone completely and to ensure the best registration of the bones in the kinematic coordinate system (see infra). From all markers, two cluster shapes were differentiated. The first one included all available markers on the scapula: the whole cluster (WClust), whereas the second one was only composed of the 31 markers lying on the acromion and the upper side of the posterior face of the scapula: the acromion cluster (AClust). The estimation of the scapula motion was then carried out on the two clusters using the IMCP algorithm (Jacq et al. 2008) , which is a robust, simultaneous and multi-object extension of the classic algorithm of registration ICP (Iterative Closest Point) (Besl et al. 1992) . In this way we were able to compare the changes of the index in two different conditions. An additional cluster of 16 technical markers was placed on the middle of the arm segment to define humerus position. An extra marker placed on the lateral epicondyle was also used. The estimation of the motion of the humerus was carried out with the least-square method detailed in (Söderkvist et al., 1993) . 
In-vivo study
Results
Simulated motions study
The evolution of the articular coherence index (ACi), as well as both terms used for its computation Then CA decreases very quickly to be equal to 0 mm 2 as soon as 40% of the motion has been performed. Because of the large influence of soft tissues artifacts for scapula, the glenohumeral joint was chosen for the experimental motion example.
ACI: average distance term (AD) and facing vertices term (FV).
Figure 4 -Articular coherence index (ACI) during the simulated increasing distance motion between articular surfaces (60° rotation and 20 mm translation) and the 2 terms, which compose
ACI: average distance term (AD) and facing vertices term (FV).
Experimental example study
Comparison of the distances maps and the coherence index on simulated motions
For accurate positioning of the bones, the analysis of the location of the contact area (Soslowsky et al. 1992; Kelkar et al. 2001) 
Measuring protocol quality with the coherence index on in-vivo motions
The results obtained in our subject show that the position of the marker cluster has a great influence on joint coherence. The AClust contributes to better coherence in the joint. During the first 30 degrees of elevation, the ACI is quite similar to both AClust and WClust. However after 60° the ACI is low (between 0.1 and 0.2) with WClust whereas the AClust remains superior to 0.9, which means better glenohumeral coherence. Soft tissue artifacts include muscle deformations, the inertial effects of the soft tissues motion as well as the relative motion of the skin and the bones. These artifacts are the largest source of error when the motion is estimated with makers placed on the skin (Leardini et al., 2005) . The acromion region has been shown to be less influenced by soft tissue artifacts. Matsui (Matsui et al. 2006) , measured the deviation of skin marker from bone target equal to 40 to 50 mm on the acromion against 85 mm for the inferior angle of the scapula. Reduced relative motion of the underlying bone and the skin may explain the better results. Indeed Cappozzo (Cappozzo et al. 1995) recommended placing the markers where relative motion is minimal. Moreover, the acromion region is often chosen when using an electromagnetic device for motion analysis (Meskers et al. 2007 ). Karduna (Karduna et al., 2001) showed The quality of the mesh can also have an influence, when studying small variations in the joint. However, in the presented study, the errors created by the soft tissue artifacts were largely dominant. In order to limit the influence of small bias on the final coherence analysis, the coherence index needs to use a robust weight function. Statistic theories introduce several robust estimators (Rousseeuw et al. 1987 ).
The influence function of an estimator characterizes the bias introduced by a particular measure on the final solution. For robust estimator, the influence function should not indefinitely grow when measures increase. Huber (Huber, 1981) order to obtain discrimination / resolution depending on the application. At this point a sensitivity study of the influence of the parameters in our specific application is useful.
Conclusion
Introducing anatomical data in biomechanical studies could be of great interest. However, tools and methods to evaluate the relevance of this additional information are still lacking. Distance maps are one of the most commonly used tools to measure interactions in joints. However, despite their interest in some situations, we showed in this paper that they might not give an accurate representation of the joint state especially when bone placement errors occur.
We proposed an index, which provides more progressive and smoother evaluation of the joint state.
The index is designed so as to be applied to various biomechanical problems. In this paper, we used it to compare two motion analysis protocols. Other applications such as joint modeling (Leboucher et al., 2009 ) and motion driving based on anatomy (Schwartz et al., 2010) have already been described.
Data processing with the index might also be used to improve the fitting of internal anatomical structures and external tracking markers in a common virtual space. This might improve the quality of motion laboratory data usually based on biomechanical models and not on personalized anatomical measurements. Such adjustment needs further development and validation.
